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refuting the hypothesis that natural deep eutectic solvents
(NaDES) may be the third liquid phase in plant cells. The
potential roles of NaDES in natural environments (cells) was
mostly discussed according to the phenomena that should
not naturally occur if these solvents would not exist in plant
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addressed.
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Natural deep eutectic solvents (NaDES): translating
cell biology to processing

Misa Mojca Cajnko, Filipa A. Vicente, ©&* UroS Novak & and Blaz Likozar

This review examines the possible functional roles of liquid natural deep eutectic solvents (NaDES) in plants.
Their cellular localization with biomolecular cell metabolites, a high chemical compound solubilizing capacity
and a catalytic enzymatic activity indicate that they might form compartments, in which molecules with low
water solubility are stored and/or converted. These environmental traits also make them an ideal reaction
medium for interactions between molecules with opposite dissolution equilibria. By retaining water, stabilizing
molecular structures, and yielding kinetics-determined product selectivity, they may prevent the degradation
of active bonds, as in enzymes, under the conditions of high or low energy heat, drought and growth-inhibit-
ing biomass production. Finally, the potential of NaDES has also been explored in a laboratory setting. Their
ability to stabilize, catalyze and the overall substance toxicity makes NaDES an excellent candidate for (green)

rsc.li/greenchem

Introduction

When NMR-based metabolomics were used to look at some of
the major compounds present in cells, they showed that
certain simple compounds like sugars, amino acids, choline
and organic acids, are always present in cells in high amounts.
Although sugars are a source of energy and their presence in
high amounts is easily explained, other compounds do not
have such a clear role in the cell metabolism. Thus, Choi
et al.” developed a novel theory about the role of these com-
pounds in the biochemistry of living cells by hypothesizing
that these cell metabolites may form a third liquid phase in
cells, next to water and lipids. Their theory was based on the
ability of greener solvents like ionic liquids (ILs) and deep
eutectic solvents (DESs) to improve chemical and enzymatic
reactions as well as enhance the extraction and dissolution of
natural products. Even though these solvents share several pro-
perties, ILs and DES are still quite different solvents, starting
with the fact that an IL is a single compound and a DES is a
mixture of compounds. Typically, DESs are defined as a
mixture of two or more pure compounds (usually in solid
form), namely a hydrogen bond donor (HBD) and a hydrogen
bond acceptor (HBA) that, upon mixing at specific molar
ratios, establish hydrogen bonds and melt at lower tempera-
tures, thus displaying a eutectic point temperature that is far
below that of an ideal liquid mixture.>* Yet, the correct defi-
nition of a DES is that this is a eutectic mixture of Lewis or
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extraction, biocatalysis and cryopreservation, considering poorly soluble/thermally unstable intermediates.

Bronsted acids and bases, in which it is not only required the
presence of a hydrogen bond between a donor and an acceptor
but there also must be a small difference in acidity between
the HBD and the HBA.>” Choi et al.” looked at some of these
compounds and discovered more than 30 combinations in
various molar ratios, that formed viscous liquids. Since these
compounds were all of natural origin, they gave them a
common term: natural deep eutectic solvents (NaDES).

A good example of NaDES in nature are plant saps. The
composition of maple (Acer spp.) syrup is mostly sucrose (Suc)
with minor amounts of other sugars such as glucose (Glc) and
malic acid (MalA). These compounds on their own have a
melting point above 130 °C and are thus solid at room temp-
erature, however, when mixed together, they form a viscous
liquid. Another example of NaDES in nature is plant nectar,
which is mostly composed of sugars and remains liquid even
after freeze drying.” This confirms the presence of NaDES mix-
tures in plants, but are they also present inside the cells and
what is their role there? If NaDES are indeed the third liquid
phase inside living cells, they may explain (i) how reactions
between water-soluble and water-insoluble molecules take
place, (ii) where molecules with low water solubility are stored
at high concentrations and (iii) how certain organisms can
survive in extreme environments. In order to answer these
questions and further understand the underlying mechanisms
of NaDES in nature, it is required to firstly understand them at
the molecular level and in the laboratory.

As mentioned before, NaDES are mixtures of an HBA and
an HBD that are generally cheap, easily available and non-toxic
compounds with high solvability potential.®™" As such, they
represent good candidates for a new generation of green sol-
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vents with a wide range of interesting applications in the lab-
oratory. This is due to their advantageous properties such as
low volatility, high thermal and chemical stability, wide
polarity range and adjustable viscosity. Several remain in a
liquid state even at temperatures below 0 °C and possess a
high degree of solubilization strength for a variety of different
compounds. Furthermore, their numerous structural possibili-
ties and the potential for adjustment and modeling of their
physio-chemical properties make them ideal “designer sol-
vents”. Some, if not most, NaDES compounds are high-purity
components that are also safe for human consumption, hence
making them good candidates for direct use in cosmetic,
pharmaceutical and food applications without the need for
their removal from the final product and/formulation.>*>™**
Consequently, this contributes to a preparation process that is
waste-free.™

Among the different applications, (Na)DES have been exten-
sively researched and reviewed,'®>* especially considering
their exceptional aptitude in downstream processes**™>’” and
biomass processing.>®**> However, their role in living cells is
still not entirely clear. Thus, in this review, we explore the
potential roles of NaDES in natural environments (cells) by
compiling the studies discussing phenomena that should not
naturally occur if these solvents would not exist in plant cells.
Herein, some laboratory studies are crucial to understand
these phenomena. Additionally, we also briefly discuss the
potential of NaDES in the laboratory as reaction media, extrac-
tion solvents and cryopreservation agents.

Localization and compound solubility
— why NaDES are believed to be the
third liquid phase in plants

NaDES are mixtures of sugars, organic acids, amino acids,
choline salts and polyols, all of which can be found in living
cells. However, their location and function are still unclear.
Some clues have been provided by studies on the synthesis
and localization of anthocyanins in cells. It was discovered
that the levels of anthocyanins in cells can exceed their solubi-
lity in water,*® thus, anthocyanoplasts and anthocyanic vacuo-
lar inclusions might be composed of NaDES. Additionally,
these molecules are thought to be synthesized outside of the
endoplasmic reticulum,** which would fit the model suggested
by Choi et al.”® that envisions NaDES being part of different
organelles as well as attached to protein aggregates and cell
membranes. It was also observed that in order to preserve lipo-
somes upon dehydration and subsequent rehydration, sugar
molecules were required on both sides of the membrane.*
Therefore, it was suggested that a dynamic NaDES layer could
form around the membrane as a result of the interaction
between the choline part of the membrane lipids and other
NaDES components (acids, sugars...).> Antioxidants like antho-
cyanins, glutathione, ascorbic acid and flavonoids can protect
the membranes from oxidative damage by being present in
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high concentrations, dissolved in the membrane-associated
NaDES. Georgieva et al.>® reported that a dense substance of
unknown composition was formed in the thylakoid lumen of
resurrection plant Haberlea rhodopensis chloroplasts upon de-
hydration. Previous studies assigned this substance a phenolic
character.?” Thus, this substance may very well be the mem-
brane-associated NaDES layer with dissolved flavonoids and/or
anthocyanins that has the purpose of protecting the thylakoid
membrane from oxidative damage.

It is presumed that NaDES form a structure resembling
liquid crystals in which the molecules are bound together
through hydrogen bonds and other intermolecular inter-
actions.® In certain NaDES mixtures, water can be present as
part of the solvent. Since this water is strongly bound to the
liquid, it cannot be easily evaporated.” The solubilizing effect
that NaDES have on certain compounds is most likely due to
the formation of H-bonds between NaDES components and
the dissolved compound (Fig. 1). As the main intrinsic charac-
teristic of NaDES is their H-bond network, these solvents can
be fine-tuned to present a more or less extensive network,
which, in turn, allows not only a better solubility of a wide
range of compounds but also promotes different arrangements
of the liquid crystals (steric effects).*® It was also implied that
NaDES can induce some conformational changes in phenolic
compounds dissolved in them, as it has been reported for cur-
cumin®® and quercetin,*® resulting in higher stability of these
compounds. These conformational changes may be the result
of H-bond formation between the NaDES and the solute.*

The high solubilizing capacity of numerous NaDES has pre-
viously been shown for a variety of poorly water-soluble macro-
molecules, small molecules, and synthetic drugs (Table 1). Dai
et al.® prepared over one hundred different NaDES mixtures
and determined their viscosity, polarity, water activity, density
and thermal properties as well as the effect of adding water on
these physical properties. Afterwards, a few NaDES were
selected and used to test their solubilizing potential on a
range of compounds with poor or no water solubility. The
results showed that in most cases the selected NaDES exhibi-
ted a significantly higher solubilization (18-460 000 times) of
the selected natural molecules that are poorly soluble or in-
soluble in water, like rutin, quercetin, ginkgolide B and cin-
namic acid, compared to water. The best solubilizing potential
was measured for the mixture of 1,2-propanediol:choline
chloride (ChCl):water (1:1:1), most likely because this
NaDES was the least polar compared to others used.
Furthermore, the addition of water to Glu:ChCl:water DES
mixture had a significant effect on the solubility of rutin, quer-
cetin, cinnamic acid and carthamin and the amount of water
was dependent on the solute.

The high solubilizing potential of NaDES was also shown in
several studies. Paniwnyk et al’® discovered that flowers of
Sophora species contain high amounts of rutin. This flavonoid
is poorly soluble in water but represents up to 10-30% of dry
mass of the flower. This strongly suggests that rutin might
only be present in such high amounts in a water-rich environ-
ment due to the presence of NaDES in plants. Paclitaxel and

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Hydrogen bonds (---, green interactions) between NaDES' components and laccase amino acids. In the case of the hydrogen bond donors,
there is also the establishment of electrostatic interactions with some of the enzyme amino acids (---, orange interactions). This data was acquired

through simulation by molecular docking. Panels A-D show the docking pose with the lowest absolute value of affinity for laccase and the hydrogen
bond acceptors. Adapted from ref. 40 with permission from American Chemical Society, copyright 2019.

ginkgolide B, two compounds that do not dissolve in water,
also showed high solubility in Glc:ChCl-based NaDES.
Wikene et al.®® tested the solubility of curcumin and showed
that it was notably higher in selected NaDES compared to
water.”>** They also showed that, upon storage in airtight
tubes for one month, the solubility increased up to 29% (v/v)
in Glc:Suc and maleic acid (MaleA): ChCl NaDES. Morrison
et al.** tested different poorly water-soluble model compounds
in pure and diluted wurea:ChCl and malonic acid
(MaloA) : ChCl mixtures and determined that the solubility in
NaDES was up to 22 000-fold higher compared to water. They
also tested the same drugs in aqueous solutions of individual
NaDES components and the results showed a significantly
lower solubility than in the eutectic mixtures, proving that the
combination of the HBA and HBD is crucial for improving
solubility. Although these drugs were not of natural origin, the
results of these studies show that the high solubilizing poten-
tial of certain NaDES extends beyond only natural compounds.

The high solubilizing capacity of (Na)DES has many advan-
tages in extraction and separation processes. Poorly water-
soluble compounds can be extracted from plant biomass in
high concentrations and afterwards separated from the (Na)
DES by addition of water and subsequent compound precipi-
tation. Thus, (Na)DES, alone or in combination with other
methods, can be used to extract various compounds like
polyphenols,”’ ' pigments,>” enzymes>® and carbohydtrates.”®
Their high solubilizing capacity can be exploited to overcome
limited substrate solubility in enzymatic reactions®* as well as
for separation techniques.®>>® In recent years, companies
focused on natural ingredients have already turned their atten-
tion on using NaDES as extraction solvents for plant-based
active compounds. They exploit the phenomenon they termed

This journal is © The Royal Society of Chemistry 2023

“eutectigenesis” which mimics the intracellular environment.
The cosmetic products produced in this way were shown to
have a wider range and amount of phytochemicals as well as
higher biological activities compared to conventional
extracts.>”%®

Drought tolerance

Water is essential for cellular organization. If the cell is com-
pletely deprived of water, this organization is lost and cell
death can occur. However, some organisms still manage to
survive periods of severe water loss. Anhydrobiosis or “life
without water” is the ability of some organisms to survive
under almost complete or total water loss (dehydration), and is
often used in nature to bridge periods of extreme conditions.
Many organisms can survive dehydration to different extents.
There are two types of dehydration tolerance: (1) drought toler-
ance, which is the tolerance to moderate dehydration where
the moisture content is below the point where there is no bulk
cytoplasmic water (~23% water in fresh weight or ~0.3 g H,O
per g of dry weight), and (2) desiccation tolerance, which refers
to further dehydration where the molecules gradually lose
their hydration shells. The mechanisms of drought tolerance
are based on stabilization of structures by preferential
hydration, and the mechanisms of desiccation by replacing
water with other molecules that are capable of H-bond for-
mation.” Desiccation tolerance is found throughout the plant
kingdom (ferns, mosses, pollen and seeds of higher plants) as
well as some other organisms such as fungi, protists, prokar-
yotes and animals such as crustaceans, nematodes and
tardigrades.>®

Green Chem., 2023, 25, 9045-9062 | 9047
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Table 1 Solubility of compounds (natural and synthetic) in various NaDES compared to water or aqueous buffer
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Compound Solubility in water Solubility in NaDES Ref.
Macromolecules
Salmon DNA 26.9%x 107 gmL™" 39.4x107° gmL™" MalA: Pro (1:1) 2
Starch — 17.2x107% g mL ™" Gle:ChCl(1:1) 2
0.034 g mL™ ¢ 1,2PD : ChCl : water (1:1:1) 8
0.095 g mL ¢ Glc: ChCl : water (2:5:5)
0.027 g mL ™ LacA: Glc: water (5:1:3)
DNA 0.25 g mL™** 2.58 g mL™'* LacA: Glc: water (5:1:3) 8
Gluten 0.0016 g mL™** 0.00083 g mL~'“ 1,2PD: ChCl: water (1:1:1) 8
0.0012 g mL™** Glc: ChCl : water (2:5:5)
0.043 g mL ™ LacA: Gle:water (5:1:3)
0.0033 g mL™** Xyl : ChCl: water (1:2:3)
Chitin — 102x 102 gg™ ChCl: LacA (1:2) 25
35x10 % gg Bet: LacA (1:2)
Lignin — 252 x 107 g g™t 35% (w/w) Bet: Lys (1:1) 41
Small molecules
Ginkgolide B — 5.85x10% gmL™" Gle: ChCl(1:1) 2,8
0.53 g mL™'¢ 1,2PD : ChCl : water (1:1:1)
0.082 g mL ™4 Glc: ChCl : water (2:5:5)
0.041 g mL ™ LacA: Glc: water (5:1:3)
0.17 g mL™** Xyl : ChCl : water (1:2:3)
Quercetin 0.02x107° gmL™*¢ 1.63 gmL ¢ 1,2PD : ChCl : water (1:1:1) 8
133 gmL ™" Gle: ChCl:water (2:5:5)
0.042 g mL ¢ LacA: Glc : water (5:1:3)
2.43 g mL™ Xyl : ChCl : water (1:2: 3)
Cinnamic acid 0.0072 g mL ™4 1.78 g mL™'¢ 1,2PD : ChCl : water (1:1:1) 8
0.51 g mL™'¢ Gle: ChCl : water (2:5:5)
2.04 g mL™** LacA: Glc : water (5:1:3)
0.64 g mL™'* Xyl : ChCl : water (1:2:3)
Oleanic acid 0.017 x 10~ g mL™" 3.4x107° gmL™" ChCl: LevA (1:2) 27
1.02 x 10~ g mL ™" Acetamide : LacA (1:2)
Curcumin 0.0006 x 10~° g g7** 7.25-8.6 x 10> g g~*? ChCl: Glyc (1:1) 26
0.005 x 10~ g mL™* 21.21 x 10 g mL™* ChCl: LevA (1:2) 27
0.88x10 gmL™" Acetamide : LacA (1:2)
0.011 x 10~ g mL™" 0.0051x 107> g mL™" Suc:Fru:Gle (1:1:1) 38, 42, 43
0.0065 x 107> g mL™* CitA:Suc (1:1)
0.0521 x 10~ g mL™" Gle:Suc (1:1)
0.017 x 107° g mL™* Glc:Fru (1:1)
0.0667 x 10~ g mL ™" MaleA : ChCl (1:3)
Benzoic acid 3.0x10° g mL™" 35.0x107° gmL™" MaloA : ChCl (2: 1) 44
18.0x 107 g mL™" 75% (w/w) MaloA : ChCl (2: 1)
11.0 x 107 g mL™* 50 wt% MaloA : ChCl (2: 1)
229.0 x 107> g mL™* Urea:ChCl (2:1)
23x107° gmL™" 75% (w/w) urea : ChCl (2: 1)
14x 107 gmL™" 50% (w/w) urea : ChCl (2 : 1)
Rutin 0.00055 g mL™* 1.48 gmL ¢ 1,2PD : ChCl : water (1:1:1) 8
1.52 g mL™** Glc: ChCl : water (2:5:5)
0.33 g mL™'¢ LacA: Glc: water (5:1:3)
1.66 g mL™'* Xyl : ChCl: water (1:2:3)
0.003 x 10~ g mL™* 57.99 x 10~° g mL™* ChCl : urea : water (1:1: 3) 45
59.3x10~> g mL™" ChCl:1,2PD : water (1:1:3)
4.26 107 gmL™" ChCl : AscA: water (2:1:5)
2.41%x107° gmL™" ChCl: MalA: water (1:1:3)
Drugs
Paclitaxel — 0.81x107° g mL ™ Gle:ChCl(1:1) 2
Danazol <0.5%x107° g mL™" 0.160 x 107> g mL™* MaloA: ChCl (2:1) 44
0.0044 x 10> g mL ™" 75% (w/w) MaloA : ChCl (2 : 1)
0.002 x 10~° g mL™* 50% (w/w) MaloA : ChCl (2: 1)
0.048 x 107 g mL™* Urea:ChCl (2:1)
0.0061 x 10> g mL ™" 75% (w/w) urea : ChCl (2: 1)
0.002 x 107 g mL™* 50% (w/w) urea : ChCl (2:1)
Griseofulvin 0.007 x 10~° g mL ™" 1x107° g mL™" MaloA: ChCl (2:1) 44
0.1x107° gmL™ 75% (w/w) MaloA : ChCl (2 : 1)
0.043 x 10 g mL™* 50% (w/w) MaloA : ChCl (2: 1)
0.34x107% g mL™" Urea: ChCl (2:1)
0.016 x 10> g mL™* 75% (w/w) urea : ChCl (2 : 1)
0.015 x 107> g mL ™ 50% (w/w) urea: ChCl (2: 1)
Itraconazole <1x10"°gmL™" 22.0x 107 g mL™* MaloA: ChCl (2:1) 44

6.6x107° gmL™"
1.2x107° gmL™

75% (w/w) MaloA : ChCl (2: 1)
50% (w/w) MaloA: ChCl (2:1)

Abbreviations: MalA - malic acid; LacA - lactic acid; Glc - glucose; Pro - proline; ChCl - choline chloride; Xyl - xylose; Suc - sucrose; Fru - fructose; CitA —
citric acid; MaleA - maleic acid; MaloA - malonic acid; Lys - lysine; AscA - ascorbic acid. 1,2PD - 1,2-propanediol; LevA - levulinic acid. “ Values converted
from g mol™* to g mL™" based on the measured NaDES density provided by the authors of the cited article. ” The values were not converted to g mL™" due to
the fact that the authors did not provide any data on density of the selected NaDES.
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The program for desiccation tolerance in a plant cell can be
turned on by two factors, dehydration and a plant hormone
called abscisic acid,®® which triggers gene expression associ-
ated with this phenomenon. It was discovered that drought tol-
erance is correlated with production of sugars and some
amino acids like glutamate, glycine-betaine and proline, as
well as molecules like compatible solutes and heat shock pro-
teins.>® Many of these induced compounds have been shown
to act as NaDES components and NMR-metabolomics of dry
resurrection plants have shown the presence of some of these
compounds inside the cells.? By retaining water and prevent-
ing freezing, NaDES may help the living cells survive in
drought conditions, which are the result of either high or low
temperatures, by stabilizing membranes, enzymes and metab-
olites.”> This accumulation of metabolites has not only been
shown for more extreme organisms that exhibit desiccation tol-
erance,” but also for more moderate ones like the plant
Arabidopsis, which showed increased levels of sugars, amino
acids, organic acids and amines when exposed to water
depletion.®

The effects of drought are very evident in enzymes, where
the loss of water can cause enzyme denaturation and sub-
sequent loss of function. This loss of function can not only
lead to disruption of the cell’s metabolic pathways, but also
cause the accumulation of toxic compounds which would
otherwise be inactivated with these enzymes. Knudsen and co-
workers®® looked at how enzymes involved in the synthesis of a
defense compound dhurrin were affected by drought. Dhurin
is a natural insecticide that forms hydrogen cyanide gas upon
hydrolysis®* and its synthesis is catalysed by a membrane
multi-enzyme complex.®*** The environment surrounding the
enzyme complex and the produced dhurrin must be stable in
order to promote the activity of the enzymes® as well as
prevent auto-hydrolysis of dhurrin at cytosolic pH.** In
drought conditions, the drought-tolerant sorghum (Sorghum
bicolor) plant® produces high amounts of dhurrin as well as
NaDES forming compounds like organic acids, sugars and
amino acids.®® Thus, Knudsen and co-workers®® hypothesized
that dhurrin is stored in high-density NaDES-based conden-
sates but had to show that the dhurrin metabolome is stable
and/or active in such an environment (environment which mimics
drought conditions). The researchers showed that, although the
tested enzymes were not active in high concentrations of
Gle: tartrate (1:1) NaDES, they regained a good portion of their
initial activity upon dilution with water (rehydration). Similar
results were shown by other groups as well.>®” For example, it was
shown that the enzyme laccase was completely dissolved in
NaDES, yet it was not active. Nonetheless, when water was added
to the mixture, the enzyme regained its activity.” Similarly,
Khodaverdian et al.®” used laccase from Bacillus HR03 and showed
it retained about 92% and 82% of its initial activity in
Sorb:Bet:water (1:1:1) and Glyc:Bet (2:1), respectively, after
water was added to the system. These studies all indicate that, if
NaDES are present in the cell, they could act as stabilizing media
in which enzymes and other active molecules are stored and pro-
tected until water is restored and their activity can be recovered.

This journal is © The Royal Society of Chemistry 2023
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Overall, these findings suggest that NaDES could be used
by the cell to stabilize enzymes and compounds when its water
activity is low, such as under high environmental tempera-
tures, drought, freezing and germination. The water shell
around proteins could be substituted by the sugar com-
ponents of NaDES providing an environment that protects
against irreversible damage to these active molecules. Thus,
the presence of NaDES in the cell in the form of the third
liquid phase during desiccation, should prevent precipitation
of proteins, polymers and metabolites while also preserving
their function until water activity can be restored. Although
the drought tolerance attributed to NaDES is not directly
translatable, the stabilizing effects of (Na)DES discussed in
this chapter can be exploited in a laboratory setting for
storage of active molecules, thermal stabilization and reac-
tions that require a water-free medium, which will be dis-
cussed in the following chapters.

Thermal tolerance

Water evaporation due to high temperatures leads to drought
conditions - water loss in living cells. However, high tempera-
tures also have other consequences like thermal deactivation
of enzymes as a result of denaturation. Previous studies have
shown that certain NaDES can provide favourable environ-
ments which preserve enzyme activities®® by stabilizing their
secondary structures.’”’® For example, betaine (Bet), a
common component of NaDES, has been shown to protect
proteins against denaturation and aggregation.”! Thermal
stability of laccase from Bacillus HR03 was tested at 80 °C in
absence and presence of 20% (v/v) NaDES.®” The activity of the
enzyme was markedly increased in 20% (v/v) sorbitol
(Sorb) : Bet : water (1:1: 1), where the half-life of the enzyme at
80 °C was 43 minutes, compared to only 7 minutes in aqueous
buffer. The authors showed that Sorb:Bet:water has
6 hydroxyl groups that bind to the enzyme through hydrogen
bonds, making its structure more rigid and stable, thus, pre-
venting it from unfolding (denaturation) at high temperatures.
In another study, the thermal stability of laccase from Trametes
versicolor was tested in various ChCl- and Bet-based aqueous
NaDES.”> The enzyme was incubated at high temperatures in
buffer or in 25% (w/w) aqueous solution of various NaDES.
Although the relative activity of laccase did not increase, the
thermal inactivation of laccase at 60, 70 and 90 °C was signifi-
cantly slower in 25% (w/w) Bet: xylitol (1: 3) NaDES compared
to buffer. Furthermore, the half-life of the enzyme at 60 °C was
increased from around 30 minutes in buffer to several hours
in 25% (w/w) Bet:xylitol (1:3). The observed effects were
shown to be due to the action of NaDES and not its individual
components. The ChCl-based mixtures did not perform as well
as Bet-based formulations, which shows the importance of the
HBA selection. The choice of HBD, HBA:HBD ratio and
dilution factor also play an important role. The researchers
showed that Bet:Sorb and Bet: xylitol significantly increased
the thermostability, but exchanging the HBD for propanediol
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showed no effect compared to phosphate buffer. Different
Bet : xylitol ratios and aqueous dilutions were also tried by the
same group. They determined that the ratio 2:1 and 75%
dilution (25% aqueous solution of NaDES) were the most
advantageous. Delorme et al’®> and Toledo et al'® both
showed that the higher number of OH-groups of the HBD cor-
relates with higher thermostability. Toledo et al.*® suggested
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that this could be due to the formation of H-bonds between
OH-groups on the HBD and the amino acids of the enzyme,
thus, a higher number of H-bonds would result in better stabi-
lization of the protein structure (Fig. 2). Interestingly, one
study also showed that some NaDES not only provide better
thermostabilizing effects at high temperatures but also enable
enzymatic reactions at low temperatures.’® The authors used
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Fig. 2 A. Influence of the number of hydroxyl groups from the NaDES HBA and HBD upon laccase activity. B. Influence of NaDES over the thermal
activity of laccase: I, control; I, 10 wt% choline dihydrogen phosphate ([Ch]DHP) : xylitol (Xyl), (1:2) molar ratio; i, 25 wt% [Ch]DHP : Xyl, (1: 2) molar
ratio; l, 25 wt% choline dihydrogen citrate ([Ch]DHC) : xylitol (Xyl), (1:2) molar ratio. Adapted from ref. 40 with permission from American Chemical

Society, copyright 2019.
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horseradish peroxidase in enzyme-mediated free radical
polymerization reactions and showed that the reactions take
place in ChCl: glycerol (1:2) even at 4 °C, while no polymer
was obtained in water at the same temperature.

NaDES were shown to also have a protective effect against
other environmental effects that are associated with high
temperatures, namely radiation. Dai et al>° showed that
natural colorants from safflower (Carthamus tinctorius) are
more stable in sugar-based NaDES compared to water or 40%
ethanol when exposed to both artificial light or sunlight.
Carthamin, one of the major red pigments in safflower, has
been shown to be very unstable in aqueous solutions.*737*
However, when carthamin, and other pigments extracted from
safflower, were solubilized in selected NaDES (90% (v/v)
Glc: ChCl:water (2:5:5) and 75% Suc: ChCl:water (1:4:4)),
their stability in sunlight conditions increased significantly
compared to aqueous solution.

Not only high but also low temperatures can be detrimental
to a living cell. Freezing can damage the cell mostly via
mechanical damage caused by intra- and extracellular water
crystals that form during the freezing process.”” It was shown
that wheat (Triticum aestivum) tolerance to freezing was corre-
lated with high proline (Pro) levels.”® This correlates with the
results that show that proline is a good candidate for the for-
mation of NaDES with organic acids and sugars.” Freezing-
related damage is not an issue only in nature but also in the
laboratory when preservation of living cells or active molecules
like enzymes (cryopreservation) is in question. In order to
make the process of cryopreservation effective, cryoprotective
agents (CPAs) have to be used. These CPAs prevent the for-
mation of ice crystals via the formation of H-bonds with
water.”” However, CPAs must be able to penetrate into the cell
where the damage of ice crystal formation is the most detri-
mental, but at the same time not cause any significant toxic
effects. CPAs like ethylene glycol, glycerol and DMSO penetrate
cell membranes and increase cryopreservation, but can also
cause cellular toxicity. On the other hand, non-toxic CPAs like
sugars, amino acids and skim milk, have been studied and
showed beneficial effects. However, they could not penetrate
cell membranes, which diminishes their effectiveness as
cryoprotectants.”®”® Because of their ability to form H-bonds
with water as well as their low toxicity and favourable biode-
gradability,®® NaDES seem like promising candidates for novel
and green cryopreservation solvents. Qiao et al.®' studied the
effect of NaDES on cryopreservation of lactic acid bacteria,
while using buffer as a control. Streptococcus thermophilus sur-
vival rate at —20 °C after 24 h in three different NaDES -
ChCl : xylitol : water (1:2:3), ChCl:Glc:water (2:5:5) and
ChCl: Sorb : water (2:5:6) — was 87-95%. The survival rate
after 180 days was significantly higher in Glyc: Pro (3:1) com-
pared to buffer or glycerol alone, with only minimal disruption
of cellular components and enzyme activities. The authors
also determined that the bacterial suspension : NaDES ratio is
of vital importance and the optimal ratio was determined to be
1:1 (v/v). Moreover, when the activity of individual enzymes,
lactate dehydrogenase and p-galactosidase, was tested after 30

This journal is © The Royal Society of Chemistry 2023
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and 180 days of cryopreservation in selected NaDES, it too
showed positive results compared to buffer. In certain cases,
the enzyme activity was even increased. The authors also
showed that, at freezing temperatures, NaDES were able to
prevent the formation of ice crystals and, thus, prevent
mechanical damage to the cell and its components. The cryo-
protective effect was also shown on small molecules. Storage
of carthamin and other pigments extracted from safflower
(Carthamus tinctorius) at —20 °C and 4 °C resulted in
significantly lower degradation in NaDES, especially in
Suc : ChCl: water (1:4 : 4). This was most likely due to the high
viscosity of this NaDES as it restricts the movement (reduced
mass diffusivity) of molecules and allows more stable mole-
cular interactions. This conclusion was reached since diluting
the NaDES to lower the viscosity resulted in a decrease of their
stabilizing effects.®®

Although NaDES have numerous potential applications and
have already been used in food and pharmaceutical industries
with beneficial safety and efficiency,*>®* not all NaDES
are completely safe for all organisms.**®* Therefore, it is
evident that NaDES composition is of high importance and
that not all NaDES are suitable for all purposes. Care must be
taken when selecting the appropriate components for a
desired purpose.

Based on the research presented in this section, the poten-
tial applications of (Na)DES is evident. The thermostabilizing
effects of (Na)DES could allow enzymatic biocatalytic reactions
at higher temperatures that subsequently result in higher reac-
tion kinetics and higher product yields. Their ability to form
H-bonds with water prevents ice crystal formation and conse-
quent cell damage, making (Na)DES good candidates for cryo-
preservation. Additionally, their protective effects against radi-
ation as well as thermostabilization, can be applied for storage
of light and temperature-sensitive compounds like enzymes
and pigments.

Medium for biocatalytic reactions

Generally, in enzyme-catalysed reactions, the reaction medium
has two main functions: (i) provide a stable environment for
the enzymes and (ii) enable the interaction between the
enzyme and its substrate (ie. the enzyme is active in the
medium and both the enzyme and substrate are solubilized to
allow for efficient mass transfer). It is thought that enzymatic
reactions occur in an aqueous medium, but the question is,
how these reactions function when molecules (reactants or
products) with poor water-solubility are involved. One example
is the synthesis of polymers like lignin, amylose and cellulose,
which are not soluble in water, but likely need to be dissolved
at some point of the reaction to allow further addition of
monomers. In addition to the excellent solubilizing capacity of
(Na)DES'*** that would allow solubilization of these polymers
and other compounds, research has shown that enzymes are
also stable in synthetic ILs and DES and can be used in green
chemistry.®"°* Therefore, it was implied that biosynthetic reac-
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tions between compounds of different water solubilities may
occur in NaDES inside living cells. The model by Choi et al.>
mentioned in the section on Localization and compound solu-
bility, envisions NaDES being part of different organelles as
well as attached to protein aggregates and cell membranes
where they act as media for reactions between enzymes and
their poorly water-soluble substrates. Although this model or
the general hypothesis of NaDES being the third liquid phase
in cells has not yet been confirmed, there is strong evidence
based on biocatalytic studies to suggest that this is the case.
The field of biocatalytic reactions in (Na)DES has been
extensively reviewed,'®'”°*% with (Na)DES being able to act as
(i) a co-solvent, (ii) a reaction medium, or (iii) a reaction
medium and substrate, as shown in Fig. 3. Current research
on enzymatic biocatalysis has shown significant differences in
enzyme activities in aqueous buffer media compared to
NaDES. A good example are laccases. Laccases are multi-
copper enzymes, found in plants and fungi, that can oxidize a
wide variety of aromatic substrates.’* However, not all of these
substrates are soluble in water. Subsequently, organic solvents
had to be used when performing laboratory tests.”” In order to
find a more biocompatible approach, Khodaverdian et al.®’
tested the activity of laccase from Bacillus HRO3 in different
ammonium-based (ChCl and Bet) NaDES with various HBDs
and compared them to the activity in an aqueous buffer.
Although ChCl-based NaDES resulted in a decrease in velocity
of the reaction, likely due to an inhibitory effect of choline
ions on laccase,”® some Bet-based mixtures resulted in an
increase in laccase activity (150-300%) in 20% (v/v) NaDES.®’
And a study by Toledo et al.*® showed that laccase is twice as
active in 50% aqueous solution of choline dihydrogen citrate-
based NaDES than in aqueous buffer. A very significant effect
on enzyme activity was also measured for several lipase
enzymes, where the researchers showed up to a 355% increase
in ChCl:Suc:water (4:1:4) and ChCl: Glc:water (5:2:5).%
Another study showed a 156% increase in activity of lipase B
from Candida antarctica when incubated in ChCl: glycerol
(1:2) with 0.3 mole fraction of water with a relatively high
recycle stability (90.12%).°® A 55% increase in lipase activity

(Na)DES' role in biotransformations
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Fig. 3 Role of (Na)DES in bio-transformations, namely as (i) a co-
solvent, (i) the reaction medium, or (iii) the reaction medium and
substrate.
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was observed with ChCl: urea: glycerol (1:1:1) although the
NaDES was used only as the co-solvent and was present in low
(10%) concentrations.”® The authors also showed synergistic
effects of NaDES components.

Another interesting feature of NaDES was shown by
Schweiger et al.>* on phenolic acid decarboxylase from Bacillus
subtilis. The study not only showed increased reactivity against
poorly water-soluble phenolic substrates but also that the choice
of solvent strongly influences the choice of enzyme’s substrates.
Similarly, very low concentrations of NaDES showed a notable
effect on laccase from Myceliophthora thermophila'®® where the
addition of only 8% (v/v) of Bet:lactic acid (LacA) (1:2) to
sodium acetate buffer increased laccase activity by 300%.

A marked effect was also observed for reaction kinetics, but,
these effects varied considerably and did not always point to
increased enzyme activity (Table 2). In the case of laccase from
Bacillus HRO3, enzyme kinetics in 20% (v/v) NaDES showed
increased Michaelis constant (Ky) and turnover numbers
(kcar), which could be the result of high viscosity of eutectic
mixtures containing sugars or carboxylic acids as HBDs.®’
Also, interactions between the substrate and the HBD com-
ponent of NaDES could affect binding affinity of the enzyme
resulting in a higher Ky, value. As mentioned in section on
Thermal tolerance, the hydroxyl groups of Sorb:Bet:water
bind to the enzyme and make its structure more rigid and
more stable. Although this effect increases the enzyme’s
thermal stability, it also limits the interactions between the
enzyme and its substrate. An increase in Ky value was also
observed for potato epoxide hydrolase StEH1 in aqueous solu-
tions of NaDES, though, k., remained relatively unaffected.**
Thus, the loss of enzyme activity at higher NaDES concen-
trations was likely due to the destabilization of the enzyme/
substrate or reaction intermediate complexes and not the
enzyme denaturation. On the other hand, when Elgharbawy
et al” performed lipase activity experiments in
ChCl:Suc:water (4:1:4) and 40% (v/v) ChCl:Suc (4:1)
NaDES, the results were somewhat different. They clearly
showed a direct effect of the reaction medium on reaction
kinetics with a reduction of Ky; and an increase of k.. The
extent of this effect was also dependent on the type of lipase.
These results were in agreement with a previous study that
showed that ChCl enhanced the activity of an alcohol dehydro-
genase via increasing its substrate affinity (reduction of Ky
value).'® In contrast, the study by Chan et al.'®® showed that
ChCl-based NaDES had a notable inhibitory effect on laccase
enzyme Kkinetics even at very low concentrations. When only
5% (v/v) of ChCl: glycerol (1:2) was added to sodium acetate
buffer, the maximum rate of reaction (Vy,.x) decreased to half
whereas the Ky increased 52%. Two more important NaDES
features were presented in literature, amount of water and pH.
Juneidi et al.'® used amano lipase from Burkholderia cepaci
and tested its activity in pure, 96 and 40% (v/v) NaDES. The
results showed an over 6-fold decrease in K, and a 5-fold
increase in K., with the addition of only 4% of water (96%
NaDES). Pure NaDES also resulted in a higher Ky, and lower
K. compared to buffer. With the addition of 60% water (40%

This journal is © The Royal Society of Chemistry 2023
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Table 2 Kinetic parameters of enzymes in NaDES compared to aqueous buffers

Enzyme Medium Ky [mM] keat [s7'] Ref.
Laccase from Bacillus HRO3 Citrate phosphate buffer 76.0x107> £3.8x107° 81.7+4.0 67
20% (v/v) Glyc: Bet (2:1) 649.0 x 107° £32x 107  295.2 + 14.5
20% (v/v) MalA : Bet:water (1:1:1)  870x107°+43x 107>  144.4+5.8
20% (v/v) Sorb : Bet: water (1:1:1) 861 x107°+42x10™°  98.0 +4.9
Aqueous solution of Glyc:Bet (2:1) 280 x 107> +14.5x10™° 37.3+1.8
Potato epoxide hydrolase StEH1 Phosphate buffer 77x1072 +10%x 1073 63.0 + 3.0 101
ChCl: Glyc (1:2) 20% (v/v) 120x107°+10x107°  51+2
40% (v/v) 250x107°+40x107°  57+5
60% (v/v) 530x107°+90%x10™°  44+5
ChCl: urea (1:2) 20% (v/v) 360x107°+40x107°  65+4
40% (v/iv) 1500 x107°+30%x 107 92+ 10
Lipase from porcine pancreas Phosphate buffer 1.05 £ 0.52 0.085 +0.002* 97
ChCl: Suc: water (4:1:4) 0.78 + 0.09 0.26 + 0.02°
40% (v/v) ChCl : Suc (4: 1) 0.53 + 0.08 0.33 + 0.04°
Amano lipase PS from Burkholderia cepacia Phosphate buffer 1.52 £0.25 0.12 + 0.02¢
ChCl: Suc:water (4:1:4) 0.68 + 0.07 0.36 + 0.04¢
40% (v/v) ChCl: Suc (4:1) 0.61 + 0.08 0.41 + 0.05%
Lipase from Rhizopus niveus Phosphate buffer 1.38 £0.92 0.084 + 0.002¢
ChCl: Suc: water (4:1:4) 0.66 + 0.08 0.25 + 0.03¢
40% (v/v) ChCl : Suc (4: 1) 0.45 + 0.05 0.30 + 0.04%
Immobilized (acrylic resin) lipase from Candida Phosphate buffer 1.25 +0.25 0.08 + 0.02°
antarctica ChCl: Suc:water (4:1:4) 1.08 + 0.09 0.08 + 0.03“
40% (v/v) ChCl: Suc (4:1) 0.49 + 0.05 0.23 +0.03¢
Lipase from Candida rugosa Phosphate buffer 1.55+£0.35 0.089 + 0.002¢
ChCl: Suc: water (4:1:4) 0.57 + 0.06 0.27 + 0.03“
40% (v/v) ChCl : Suc (4:1) 0.45 + 0.07 0.31 + 0.04°
Immobilized (Immobead) lipase B from Candida Phosphate buffer 0.61 +0.04 0.051 + 0.002°
antarctica ChCl: Suc:water (4:1:4) 0.52 + 0.03 0.17 + 0.04¢
40% (v/v) ChCl: Suc (4:1) 0.42 + 0.08 0.38 + 0.05%
o-Transaminase Phosphate buffer 8.00 + 4.22° 3.59 + 1.5%° 106
0.69 +0.13° 1.25 + 0.008“°
10% (v/v) ChCl : urea (1:1) 3.27 £ 0.41° 2.4 +0.2%°
0.49 + 0.16° 1.71 + 0.2%¢
Microreactor immobilized lipase from Candida Phosphate buffer 0.62 — 107
antarctica 10% (v/v) Bet: Gly 0.3 .
Amano lipase from Burkholderia cepaci Phosphate buffer 1.78 X 107° £ 0.04 0.48 + 0.07¢ 103
ChCl:EG (1:2) Pure 35x107° 1.2 0.22 + 0.02°
96% (v/v) 0.53 x 107 + 0.2 1.07 + 0.1
40% (v/iv) 0.75x 107 +0.21 0.9 + 0.09°
EAC:EG (1:2) Pure 4.03x107%+1.1 0.059 + 0.01°
96% (v/v) 0.61x 107° +0.08 0.37 + 0.06%
40% (v/v) 0.92x 107+ 0.4 0.31 + 0.05%
B-Glucosidase Phosphate buffer 3.12x 107° + 1.40 0.38 £ 0.1¢ 104
ChCI:EG (1:2) Pure 5.0x107° +0.08 0.12 + 0.03%
94% (v/v) 0.52x107° +0.18 0.49 + 0.1°
40% (v/v) 0.48 x 107> + 0.02 0.56 + 0.03%
ChCl: PG (1:2) Pure 5.08 x 107 £ 2.45 0.34 +0.1°
94% (v/v) 0.21 x 107> + 0.04 0.58 + 0.01°
10% (v/v) 0.49 x 107> + 0.07 0.28 + 0.03%
o-Transaminase Phosphate buffer 0.64 + 0.07” 0.55 + 0.0005“” 108
0.65 + 0.07° 0.8 + 0.0008“"
10% ChCl: EG (1:1) 0.60 = 0.06” 0.68 + 0.001%"
0.52 + 0.04° 1.59 + 0.001%”
10% ChCl: EG:1,2-PD 0.51 + 0.03” 0.76 + 0.0003%”
0.48 + 0.02° 1.71 = 0.0006“”
Lipase from Rhizopus Niveus Phosphate buffer 1.27 0.211¢ 109
Menthol : octanoic acid (1:1) 0.27 0.36%
Menthol : decanoic acid 0.078 0.43%
Laccase from Myceliophthora thermophila Sodium acetate buffer 52,151 X 107> + 2.0 — 100
1% ChCl: Gly (1:2) 55.843 X 107 + 2.8 —
5% ChCl: Gly (1:2) 79.011x 1073 2.2 —
Tyrosinase mCLEAs Phosphate buffer 9.7+1.4 — 110
10% (v/v) ChCl:Gly (1:2) 12.5+1.9 —
10% (v/v) EAC: Gly (1:1.5) 11.0 + 1.6 —
10% (v/v) Bet: Gly (1: 3) 9.0 £2.0 —
10% (v/v) Chol DHP: Gly (1:3) 27.6 + 5.2 —
10% (v/v) ChCl: urea (1:2) 15.2 +2.7 —
10% (v/v) ChCl:urea:Gly (1:1:1) 12.1+1.8 —
10% (v/v) ChCl: BG (1:4) 22.2+4.2 —
10% (v/v) ChCl: Fru: water (5:2:5) 9.9+0.9 —

This journal is © The Royal Society of Chemistry 2023
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Enzyme Medium Ky [mM] Keae [s71] Ref.
Lipase from porcine pancreas Phosphate buffer 1.05 + 0.52 0.084 + 0.001“ 111
ChCl: Gly : water (1:3.4:3) 0.008 + 0.001 0.014 + 0.04°
MTPB: Gly : water (1:3.4:3) 0.14 + 0.05 0.038 + 0.03"
B-Glucosidase Acetate buffer 10.31 + 0.98° — 112
13.35 + 0.74°
17.32 + 0.52°
30% (v/v) ChCl: EG (2:1) 2.31+0.38° —
4.96 + 0.29°
5.76 + 0.42°
Versatile peroxidase from Bjerkandera adusta Sodium tartrate buffer pH 4.5 16.1x 1072 0.035 x 10>* 105
25% (v/v) ChCl: urea 36.1x107° 0.068 x 10°*
(1:2)
10% (v/v) ChCl: urea 29.1%x107° 0.068 x 10°*
(1:2)
5% (v/v) ChCl: urea 27.1%x107° 0.073 x 10°*
(1:2)
Sodium tartrate buffer pH7 37.1x107° 0.048 x 10°*
25% (v/v) ChCl : urea 15.8 x 1073 0.16 x 10°¢
(1:2)
10% (v/v) ChCl : urea 11.8x107° 0.046 x 10°*
(1:2)
5% (v/v) ChCl: urea 6.8 x107° 0.058 x 10°*
(1:2)
B-p-Glucosidase Phosphate buffer 1.8 — 113
30% (v/v) ChCl: EG (2:1) 0.85 —

“The values were converted from min~ to s™*. ” The values refer to an esterification reaction where the concentration of one substrate was con-
stant and the concentration of the other substrate was varied and vice versa. “ The values refer to different substrates for the same enzyme.
Abbreviations: Glyc - glycerol; Bet — betaine; MalA - malic acid; Sorb - sorbitol; ChCl - choline chloride; Suc - sucrose; EG - ethylene glycol; EAC
- N,N-diethyl ethanol ammonium chloride; PG - propylene glycol; Chol DHP - choline dihydrogen phosphate; Fru - fructose; MTPB — methyl-

triphenylphosphonium bromide.

NaDES), the Ky, increased slightly, but was still much lower
compared to pure NaDES. A very similar experiment was per-
formed by Xu et al.'®* with p-glicosidase with almost identical
results, indicating that a small amount of water can have a
very significant effect on reaction kinetics. Mamashli et al.'%
went a step further and tested not only different amounts of
water but also the pH of the medium. They used versatile per-
oxidase from Bjerkandera adusta and measured its activity in
buffer and in 5, 10 and 25% (v/v) ChCl:Urea (1:2) at two
different pH, 4.5 and 7. At pH 7, all of the NaDES dilutions
had a 2 to 5-fold lower Ky, compared to buffer (the higher the
amount of water, the lower the Ky). At pH 4.5, a decrease in
Ky with the increase of the amount of water in NaDES was
also measured, however, even at the highest water content, the
Ky value was still over 1.5-fold higher than in buffer. This indi-
cates that the effect of pH is more significant than the effect of
water content when comparing buffer to NaDES media. Taken
together, it seems that the increase of enzyme activity in
NaDES could be a result of better solubility of substrates and/
or enzymes in this medium as well as due to stabilizing effects
of NaDES on the enzyme structure. However, these results also
indicate that specific NaDES mixtures may have different roles:
the less viscous or more diluted can act as a reaction medium
and the more viscous or less diluted serve as stabilizers at
high/low temperatures and low water conditions.

Despite the fact that the existence and/or function of
NaDES in living cells has not yet been confirmed, the advan-
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tages that (Na)DES possess have been shown to be very ben-
eficial in a laboratory setting."®"”°® Biocatalytic reactions are
reactions where enzymes or whole cells are used as catalysts
for the conversion of various substrates (organic and
inorganic)."**'"> Enzymes have a highly catalytic and selective
nature, are produced from renewable resources, are bio-
degradable and operate under mild conditions.'™* All of these
features make enzymes a very desirable option in green chem-
istry. However, the fact that some widely used enzymes like lac-
cases have poor stability in commonly used process conditions
(high temperatures, pH values outside of 6-7),"''*® presents
a bottleneck for their widespread use. The high operating
temperatures are often associated with higher reaction rates
and yields but rapidly inactivate the enzyme."'*'*® Chemical
modification and immobilization are two common strategies
for improving enzyme stability, yet, these techniques are often
complex, non-sustainable and have a high cost."*"**> Due to
their biocompatibility with enzymes, NaDES are promising
non-toxic alternatives for biotechnological applications.">?
Also, not all enzyme substrates are water soluble and, there-
fore, they either cannot be converted or organic solvents have
to be used.”® Since NaDES have been shown to be excellent sol-
vents for a variety of compounds, which are otherwise poorly
soluble or not soluble in water (Table 1), they could expand
the set of substrates that an enzyme can convert, thus, broad-
ening an enzyme’s use in technological processes.
Furthermore, and as previously discussed in this section,

This journal is © The Royal Society of Chemistry 2023
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some NaDES could enhance the enzyme’s activity,’>®” which
means that higher reaction rates can be achieved, thus,
increasing the kinetics of the enzyme-catalysed reaction and
subsequent product yields.

NaDES have also been shown to be beneficial in whole-cell
biocatalysis. Yang et al.'** tested the conversion of isoeugenol
to vanillin using Lysinibacillus fusiformis and showed that most
of the NaDES tested improved product yields compared to
aqueous buffer. The yields were improved up to 132% when
20% ChCl: Raffinose (11:2) or ChCl:Lactose (4:1) were
added to the buffer. This was due to increased solubility of the
substrate and increased permeability of the cell membrane,
both of which increased the accessibility of the substrate to
the enzymes. Baker’s yeast have also been shown to be stable
in selected NaDES (ChCl:glycerol 1:2) and were able to
sustain ketone reduction for over 200 hours."** Additionally, in
these whole-cell reactions, HBDs can also play a role as co-sub-
strates for cofactor regeneration or as a nutrition source for the
Cells.126,127

Another interesting and valuable feature of NaDES is their
effect on reaction stereoselectivity.'*>'?*™*! Since two enantio-
mers of the same compound can have different and some-
times even opposite activities, the synthesis of products with
high enantiomeric purity is essential in the pharmaceutical
industry."”® Pavokovi¢ et al."*® used a cell culture of sugar beet
(Beta vulgaris) plant to produce the chiral alcohol (1R)-1-(3,4-di-
methylphenyl)ethanol from prochiral 1-(3,4-dimethylphenyl)
ethanone. The authors used aqueous solutions of ChCl-based
(Na)DES containing either Glc or polyalcohols (glycerol and
ethylene glycol) and determined that the (R)-alcohol configur-
ation was predominant in most NaDES, compared to water,
where enantioselectivity favoured the (S)-alcohol. An inversion
in enantioselectivity was observed also in whole-cell bio-
catalysis with the use of baker’s yeast for the reduction of
ketones.'® By adding different amounts of ChCl: glycerol
(1:2) to water, the enantioselectivity went from approx. 95%
(S)-enantiomer in pure water to approx. 95% (R)-enantiomer in
pure NaDES. The authors presumed that this was due to
inhibitory effects of NaDES on some (S)-oxidoreductases.

NaDES have also been used as performance additives.
Aqueous ChCl-based NaDES were used as alternative solvents
for peroxygenase-catalysed oxy-functionalization reactions
where they acted as solvent, enzyme stabilizer and as an elec-
tron donor for the generation of H,0,."*? Their results showed
that, for every reaction or substrate, a different solvent compo-
sition was needed for an optimal result. Changes in stability,
activity and selectivity in NaDES compared to aqueous solvents
were also shown for an immobilized lipase B from Candida
antarctica,"* epoxide hydrolase'®" and peroxidase and cross-
linked proteases.'**'*® This stabilizing effect of NaDES was
determined not only for enzymes but also for solutes such as
phenolic compounds. When natural colorants from safflower
were stored in sugar-based NaDES, their overall stability
(thermal, storage at low temperatures, artificial and ambient
light) was increased.”® Additionally, NaDES components can
serve a dual purpose: as a reaction media and as a substrate

This journal is © The Royal Society of Chemistry 2023
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for the reaction (¢f. Fig. 3). In one study, menthol: decanoic
acid (1:1) was used in lipase-mediated production of glucose
monodecanoate ester,’*® and in another, menthol : lauric acid
(2:1) for the production of menthyl laurate ester.*” In both
cases, one of the components (decanoic acid or menthol,
respectively) was also used as a substrate for the esterification
reaction. Another group went even further and used both
NaDES components as reaction substrates.’*® In a lipase cata-
lysed esterification of menthol with dodecanoic acid these
compounds first formed a NaDES reaction medium (menthol :
decanoic acid 3 : 1) and when lipase was added, they were con-
verted to menthyl decanoate ester.

By using NaDES in biocatalytic reactions, we can not only
improve the thermostability of the enzymes, but also increase
their activity, stability, range of substrates (poorly water-
soluble substrates) and direct their stereoselectivity.
Furthermore, this stabilizing effect of NaDES can also be
extended to solutes, ie. reaction substrates, reducing their
degradation under reaction conditions. However, comprehen-
sive studies are needed in order to determine the best NaDES
mixture and its optimal water dilution for a given reaction and
its potential toxicity to the environment.

Critical perspective

Based on previous research, it is not so far-fetched to suggest
that water and lipids are not the only liquid phases present in
living systems and that NaDES are also one of them. The data
indicates that NaDES may establish structurally confined high-
density bio-condensates that serve a vital function in plants
and other organisms. By having almost no water pressure and
the ability to form hydrogen bonds with solutes, NaDES can
retain water and stabilize proteins and other molecules during
high heat and drought conditions, preventing their denatura-
tion and loss of function. They may also be used for storage of
bio-active compounds with poor water solubility and enable
reactions between molecules with different water solubilities.
NaDES-based condensates clearly have many advantageous
features for living cells, and the presence of NaDES mixtures
in plants has already been confirmed in the form of plant saps
and nectars.” However, that does not mean they actually exist
inside the cells. So, what are the indicators that would prove or
disprove the “NaDES as the third liquid phase” hypothesis?
The first issue with current literature on NaDES that could
disprove this hypothesis is in the NaDES preparation itself.
Generally, NaDES are prepared using high temperatures (60 °C
and above)®”7>81,97:124,129,132,139-141 which are not commonly
found in a natural or cellular environment, raising the ques-
tion if these mixtures can even be formed at temperatures that
are more acceptable for living beings. Nevertheless, Dai et al.®
prepared different combinations of ChCl, Bet and amino acids
with sugars (glucose, sucrose, maltose, fructose, etc.) and acids
(citric, malic, malonic, maleic, lactic, etc.) at 50 °C, which is a
temperature that is closer to some more extreme natural
environments. In other studies, the combination of menthol :
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lauric acid"®” and menthol : dodecanoic acid'*® were prepared
at 40 °C or below, hence, proving NaDES formation is not
impossible at milder temperatures. Instead, it is only a matter
of the HBA and HBD choice as well as the molar ratio.
Moreover, NaDES are typically prepared at higher temperatures
to avoid preliminary studies of the eutectic point of each
mixture, which is only performed for a more in-depth under-
standing of the system. That said, just because most NaDES
are reported to be formed at higher temperatures, it cannot be
assumed that these will not be formed at lower temperatures
as well without firstly studying the system eutectic point. More
specific research is therefore needed, either by measuring
the eutectic point of each mixture or simply by targeting
NaDES formation at environmental and physiological temp-
eratures. Furthermore, simulation studies could also be
directed towards understanding the mechanisms of NaDES
formation inside the cells since multiscale simulation has
been gaining prominence for the study of complex physico-
chemical phenomena. Thereby, this field is still open for
many interesting works that would be able to shed some
light upon the hypothesis of NaDES being the “third liquid
phase”.

The second issue worth considering is the role of water in
aqueous solutions of NaDES. Several studies addressed in the
previous sections demonstrate the easier NaDES formation
upon the addition of water as well as the use of aqueous solu-
tions of NaDES to reduce the system viscosity. The former also
favours the hypothesis here contested as NaDES would not
require such high temperatures to be formed. But, more
importantly, when water is added to the system other crucial
questions are raised: what happens when you dilute a NaDES
mixture with water beyond a certain point? Is the NaDES still a
“true” NaDES? Vicente et al.'** addressed this issue in their
work on chitin deacetylation in DES. They emphasized that it
is important to evaluate how the HBA and HBD perform on
their own since when using aqueous solutions of DES, we
might end up with an aqueous solution of individual com-
ponents instead of a “true” DES mixture due to a disruption of
the DES H-bond network by the presence of water. A study by
Hammond et al."*® indicates that the DES network is retained
even at a remarkably high level of water, 42 wt% (58 wt% of
DES). At 51 wt% of water (49 wt% DES), the DES network is
disrupted, giving way to water-water and DES-water inter-
actions. However, as some examples of enzyme-catalysed reac-
tions from the previous section (medium for biocatalytic reac-
tions) show that 40 or even 20% (v/v) DES still have an effect
on reaction kinetics.®”"°”1°%124 Thys, it seems that even if the
DES network is not completely intact, the presence of both
HBA and HBD in the aqueous DES solution may have synergis-
tic effects. It should be highlighted that this discussion is only
relevant for hydrophilic (Na)DES since the moment water is
added to hydrophobic (Na)DES, even at very small amounts,
an emulsion will be formed.

The third issue, and possibly the strongest evidence point-
ing to the presence of NaDES in cells is related to drought and
its associated high/low temperatures. Drought tolerance, as it
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turns out, is correlated with the production of not only compa-
tible solutes (prevention of water loss) and heat-shock proteins
(refolding of denatured proteins), but also with the production
of sugars and amino acids®® which have been shown to act as
NaDES components.”> The mechanisms of drought tolerance
are based on stabilization of structures by preferential
hydration, and the mechanisms of desiccation by replacing
water with other molecules that are capable of H-bond for-
mation.’® NaDES retain water” and can thus either prevent de-
hydration or form a H-bond network with membranes and
solutes in the absence of water or at high temperatures to
stabilize them. The evidence in favor of this are the results that
show high thermal stability of enzymes,’®®””? re-activation of
enzymes upon rehydration®®*®” and stabilization of natural
colorants which are regularly exposed to environmental con-
ditions like high temperatures and radiation.>® A study also
showed that in order to preserve liposomes after dehydration
and subsequent rehydration, sugar molecules were needed on
both sides of the membrane.* In cells, these sugar molecules
could form a membrane-associated NaDES layer with the
choline-function of the membrane lipids.”

Another point favouring the NaDES presence inside cells is
their high solubilizing capacity and the exceedingly high
amounts of poorly water-soluble compounds like polyphenols
inside plant cells.>***® The antioxidants like anthocyanins,
glutathione, ascorbic acid and flavonoids can protect cellular
structures from oxidative stress, but some of them have very
low or no water solubility. Thus, by being dissolved in mem-
brane-associated NaDES, they may be present in high amounts
and effectively protect membranes from oxidative damage.
This is supported by a study that reported an unknown dense
substance that was formed around the thylakoid lumen of
chloroplasts upon dehydration.®® This observed substance
was assigned a phenolic character,®” which could actually be
membrane-bound NaDES with dissolved polyphenols that
serve a purpose of protecting the membrane from oxidative
damage.

Overall, and in spite of some research data supporting the
presence of NaDES inside living cells, there is no direct evi-
dence. Until we develop methods that can detect not only sep-
arate NaDES components but these components in a specific
interaction (i.e. NaDES mixture) inside cells, it will be hard to
definitively prove that NaDES are “the third liquid phase”.
However, an increasing amount of evidence shows how NaDES
could be useful to a cell and/or gives a possible explanation for
processes like reactions between molecules of opposing water-
solubilities, tolerance to high/low temperatures and unusually
high amounts of poorly water-soluble compounds inside cells.
Thus, despite the lack of direct evidence, the evidence we do
have points to the “third liquid phase” hypothesis as being
very plausible.
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